A variety of quenching, cryogenic and tempering treatments were conducted to assess the effect of cryogenic treatment on the thermal stability of retained austenite (RA) during tempering processes in highcarbon steel. Optical and electron scanning microscopes, transmission electron microscopy coupled with X-ray diffractions were employed to determine the morphology, fraction and carbon concentration of RA. It is confirmed that pre-cryogenic treatment is crucial which strongly affects the carbon concentration and dislocation density in RA and thus consequently the stability of RA. However, the carbon concentration is the most dominant one especially in relatively higher temperature tempering processes.
Introduction
The high-carbon steels are extensively used for bearings, cutting tools, dies and more generally applications that require high hardness, wear resistance and dimensional stability. In such cases, the retained austenite (RA) phase plays a crucial role as they significantly affect the mechanical properties and stability, although the high-carbon steels are predominantly based with martensitic microstructures. RA is a metastable phase in room temperature, which can be transformed into martensite either under local stress or sub-zero temperature holdings; or, staying at a high enough temperature for given sufficient time, it can also decompose into a mixture of carbide and ferrite. This instability of RA will significantly affect both the hardness and dimensional stability of high carbon steels. In general, austenite in high-carbon steels cannot be transformed to martensite completely after conventional quenching treatments. It has been demonstrated that RA leads to cyclic hardening through transformation, and enhances the development of a mean compressive stress and toughness in high carbon steels, 1, 2) especially when the steel is intrinsically brittle. 3) However, the RA is a very ductile phase, 4) and its presence would deteriorate the homogeneity of hardness and reduce the dimensional stability of products, which may also lead to deterioration in fatigue performance or even failure in extreme cases because the volume expansion accompanying its (martensitic) transformation introduces localized stresses. 5) This issue is most important in high-carbon steels which contain more RA due to their high carbon-content. Especially in the bearing industry, where bearings are press-fitted onto shafts and the very high rotation speeds would lead to elastic expansion of the rings.
To solve such problems, the cryogenic treatment was widely used to eliminate or decrease the amount of RA by transforming to martensite at liquid nitrogen temperature around − 196°C. Many investigations [6] [7] [8] [9] [10] [11] indicated that the cryogenic treatment can improve wear resistance, dimensional stability and fatigue performance of various steels. However, the role of RA, which is of essential importance in high-carbon steels, has been a controversial subject in controlling both wear and fatigue behavior, 4) the reported data and results seem scattered and lack of systematic research. 3, 12, 13) The underlying mechanism of cryogenic treatment on RA is far from being well understood, more efforts and examinations should be devoted to assess the thermal stability of RA. It is noteworthy that the presence of metastable phases in the multiphase structures will in turn provide the new possibilities to optimization of industrial processing routes to achieve the extraordinary high-quality of the steels and products. 14) Therefore, in the present work a systematic investigation is conducted to evaluate some related fundamental characteristics in detail, including the thermal stability of RA during cryogenic holdings and the subsequent tempering treatments. It is predominantly aimed at quantifying the volume fraction and its average carbon concentration of austenite, and determining how much amount of austenite got transformed upon tempering and cryogenic holdings. The morphology, size and crystallographic orientation of RA as well as the surrounding multiphase matrix such as martensite will also be examined, because they strongly influence the stability of austenite. [15] [16] [17] [18] [19] To assess the effect on thermal stability of RA, the directed cryogenic treatments, as well as the tempering processes either with or without pre-cryogenic holding were conducted, respectively.
Heat Treatment Schedules
The investigated steel was received as the forged ingot and then being hot rolled into 50 mm diameter bar. Its chemical composition that determined by optical emission spectroscopy is listed in Table 1 , conforming to the AISI specification of 52100 steel. The as-received steel exhibits a pearlitic microstructure with spherical cementite particles in ferritic matrix as shown in Fig. 1 . To evaluate the stability of RA in high carbon steels, three series of heat treatments were performed as Fig. 2 shows. The treatments all started with a full austenitisation at 1 100°C for 10 min in order to dissolve all carbon into austenite.
Quenching and Cryogenic (QC) Treatment
As shown in Fig. 2(a) , started with full austenitisation, quenching to ambient temperature in oil was followed and staying there for 5 min. Then the specimens were subjected to a cryogenic treatment in liquid nitrogen for different times, from 0.5 to 240 hours. The optical microscopy and XRD analyses showed that there were only martensite and RA were observed in these specimens and 8% of RA could still be detected even after 240 h cryogenic holding. Therefore, QC was selected as an appropriate treatment to investigate the RA in the subsequent tempering processes.
Tempering with Pre-cryogenic (QC&T) Treatment
The QC&T treatment ( Fig. 2(b) ) consisting of austenitisation followed by 2 hour pre-cryogenic treatment and then different tempering from 180°C to 300°C for 3 hours. The pre-cryogenic treatment was chosen to evaluate the stability of the RA when tempered at different temperatures.
Tempering without Pre-cryogenic (QT) Treatment
The specimens were oil-quenched to room temperature and then tempered directly for 3 hours in different temperatures without any pre-cryogenic holdings as described in Fig. 2(c) . This QT treatment was designed as a comparison with the QC&T, to further assess the effects of pre-cryogenic treatment.
Microstructural Examination
The metallographic specimens were cut, mounted and ground following the standard procedures. Then, they were polished using polycrystalline diamond suspension before etching in 10% sodium metabisulphite solution, by which the RA became white and martensite black when observed in Carl Zeiss Axio Vert.A1 optical microscope. These specimens were also used for that in a field emission scanning electron microscope (JEOL, JSM7600F). The selected Fig. 1 . The SEM micrograph of the as-received 52100 steel containing spherical cementite particles. specimens were examined by transmission electron microscopy (TEM, JEOL 2100F) operated at 200 KV. The TEM foils were mechanically thinned to ~100 μm thickness and punched out to 3 mm discs, then subjected to twin-jet electro polishing using an electrolyte containing 5% perchloric acid and 95% ethanol at a temperature of − 20°C. Quantitative X-ray diffraction (XRD) analysis was carried out to determine the volume fraction of RA (f γ ) and its lattice parameter a γ . Then, the carbon concentration w C in austenite was obtained from the following well-accepted empirical equation, 20) a (1) where a γ is in nm and w C in wt.%. For this purpose, the specimens were machined, ground, and then subjected to vibratory polishing for 60 min to remove the deformed surface. The X-ray diffraction was performed on Rigaku D/ max-2000 diffractometer using the graphite monochromator at 35 kV with a 200 mA current. Data were collected using Cu-Ka radiation (λ = 0.154056 nm) in the 2-theta range 35° to 105° at a step interval of 0.02°, containing (111), (200), (220), (311) gamma and the (110), (200), (211) alpha reflections and processed by Rietveld analysis 21) using the program MDI Jade6. The calibration procedure was performed by using the standard silicon to minimize XRD experimental/instrumental errors.
Results
In this section, the microstructures of the investigated steel treated by the schedules shown in Fig. 2 are presented and discussed. The variation of f γ as well as its carbon concentrations w C will also be calculated and analyzed. The emphasis would be put on the comparison between that of QC&T and QT treatments so as to evaluate the effect of pre-cryogenic treatment on the stability of RA in subsequent tempering processes. Figure 3 shows typical micrographs of the steel in asquenched (a) and then QC-treated specimens (b, c) containing retained austenite, in which the white areas are retained austenite (RA), and the rests of the grey areas are plateshaped martensite. As Fig. 3 shows, the longest martensite plates that grew across the entire prior austenite grains were transformed at the beginning of quenching process, indicating a length up to 100 μm. Then, the smaller martensite plates formed, of which the length varies between 10 μm to 20 μm. By such a way, the large original austenite grains were divided into small fragments. The martensite that transformed during the QC treatment had the smallest plates, some of which were too small to be distinguished in the optical microscope should be isothermal martensite. The size of RA were reduced obviously for the cryogenic treated specimens with respect to that of the as-quenched one and, after 240 h cryogenic holding, the size of un-decomposed RA had mostly decreased to 1 μm below as seen in Fig.  3(c) . These observations suggest that the cryogenic treatment was an effective way to transform most austenite that retained in room quenching to martensite in high carbon steels. However, as Fig. 3(c) shows, even the 240 h cryogenic duration could not remove it completely. Figure 4 shows the f γ and w C of RA quantitatively measured by XRD as a function of the cryogenic holding time. It is shown that the highest fraction of 28.9% RA was obtained in as-quenched specimen ("0 h") and f γ decreased when the holding time increased. However, this decreasing trend was found to be remarkable only at the beginning of 2 h. There is still 8% of RA untransformed even after 240 h treatment. On the other hand, a continuous increase in w C was observed with the holding time increased. The as-quenched specimen contains 1.01% of carbon in RA phase; when the duration time reaches up to 240 h, a distinct of 1.26% of w C was achieved. This result indicates that the cryogenic duration is an important factor dramatically influencing w C , although f γ changes only a little after long cryogenic holdings as Fig.  4 shows. This can be interpreted as a consequence of car- bon partitioning effect, by which carbon can diffuse from martensite to austenite during cryogenic holding and the subsequent rewarming stages. This processes that rewarming from subzero temperature are similar with the tempering processes. Then, the carbon-enriched austenite is more stable and, in turn, further improve its stability to against transformation. Besides, a state of compression that induced by the martensite transformation in austenite would also constrain the austenite to further transform.
Microstructure Evolution during QC Treatment
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Comparison of Characterization of Retained Austenite in QC&T, QT Treatments
In order to further evaluate the effect of cryogenic treatment on the stability of RA, the 2 h-cryogenic specimens were further tempered for 180 min at different temperatures from 180°C to 300°C (QC&T treatment); As a comparison, the as-quenched specimen was also tempered in the same way (see Figs. 2(b) and 2(c) shown) . Selected scanning electron micrographs of the specimens tempered at 180°C(b), However, when the temperature increased up to 280°C, the austenite in the QC&T specimen appears to be more stable as few of RA are still observed in Fig. 5(d1) . On the other hand, the RA in QT specimen (without pre-cryogenic treatment) had decomposed completely into a mixture of ferrite and carbide as Fig. 5(d2) shows. It is noteworthy that, the RA phase in Fig. 5 (d1) was difficult to distinguish from martensite matrix, in such cases, series of TEM analysis were conducted for this specimen to further investigate the RA morphology. Figure 6 displayed the representative of TEM image of RA from Fig. 5(d1) specimen. The film-like morphology of RA was clearly observed in Fig. 6 , which indicated that the RA in QC&T specimen is stable at 280°C tempering. It should be emphasized that during extensive TEM analysis on QT 280°C tempered specimen, we did not observed any RA phase that presented in Fig. 6 indicating that the RA in QC&T specimen is not easy to decompose in this high temperature tempering compared with the QT specimen.
This phenomenon can be illustrated by Figs. 7 and 8 with the variations of f γ and w C of QC&T and QT specimens. It is shown in Fig. 7 (a) that f γ decreases dramatically with increasing tempering temperature (T t ) for both QC&T and QT specimens, but there exists big difference in its changing extent or rate. Such variation becomes more obviously especially when the fraction of retained austenite f γ is normalized to the initial content f γ initial (the fraction of austenite before tempering) as depicted in Fig. 7(b) . It can be seen that the RA in QC&T specimens were more inclined to decompose than the QT treatments when the T t below 200°C. However, at higher T t , e.g. over 260°C, the stability of RA in QC&T specimens appear to be enhanced as more austenite was preserved in comparison to that of QT. This phenomenon indicated that the RA in 2 h-cryogenic specimen was more inclined to decompose than in as-quenched one when tempered in low temperatures. This result was also be confirmed by Fig. 5 . Note that when the T t reaches 300°C, the RA in both QC&T and QT specimens were all decomposed completely. The carbon contents in RA are compiled in Fig. 8 , indicating that w C increases with increasing tempering temperature for both of QT and QC&T specimens. However, the extent of increase in w C is more considerable for the QC&T specimens. Such differences become more distinctive especially when T t increases. For example, the maximum carbon content of QC&T specimen could reach to 1.96 wt% for 280°C tempering, which is much higher than 1.3 wt% in QT specimen. This result is well explained the fact that the RA in QC&T specimens possessed higher stability than the QT specimen when tempered in the relatively higher temperature. Besides the carbon partitioning effect, the dislocations that formed in pre-cryogenic treatment will also provide the shortcuts to promote the carbon diffusion, this will be discussed in section 5. Moreover, as the precipitation of cementite was kinetically hindered during the decomposition of retained austenite in high-carbon steel especially when the tempered below 230°C, 23) which in turn causes an increase in the average carbon content in austenite. It should be noted that, in Fig. 7(a) the w C at 280°C T t was missing for QT specimen because the RA have been decomposed completely at this temperature. The relationship between carbon content and fraction of RA was also evaluated as shown in Fig. 7(b) and an overall trend of increasing w C with decreasing f γ can be observed. The maximum carbon content for QC&T treatment is much higher than that for QT, although in the fact that both of the treatments have nearly identical austenite fractions of about 2%, as dashed rectangle highlighted in Fig. 7(b) . The results clearly revealed that the pre-cryogenic treatments can considerably enhance the carbon content in retained austenite during tempering with respect to the conventional QT treatments.
In Fig. 5 , it can also be observed that, the decomposition of martensite can also be facilitated during the tempering by QC&T treatments especially when the temperature increased, in which the greater size in ferrite and much more precipitated carbides can be observed especially with respect to that of direct tempered ones as show in Fig. 5 . This is because of the defects and dislocations that introduced in the pre-cryogenic treatment, by which the martensite decomposition was inclined to commence at a lower T t with respect to that of as-quenched specimens.
Discussion
In present work, the improvement in stability of RA by pre-cryogenic treatment has been confirmed. This enhanced stability can be mainly ascribed to the carbon enrichment, by which the RA was chemically stabilized. There is an interesting phenomenon that should be noted that the dependence of RA fractions on carbon content in Fig.  8(b) . It is indicated that the increasing carbon concentration can be achieved when the fraction of RA reduced. The mechanisms, behind this phenomenon are usually acknowledged as attributed to the carbon partitioning from quenched martensite to RA during the tempering. However, to confirm this interpretation, an in situ observation should be performed. We will put this to our next research. In the present case, a model calculated by Speer 24) can verify this carbon partitioning processes in austenite. As shows in Fig.  9 , a constrained para-equilibrium calculation is presented to illustrate the dependence of carbon enrichment on temperature and initial austenite fraction, in which, the carbon in austenite is expected to partitioning to high levels of enrichment by giving a relatively small fraction of untransformed austenite to receive the carbon supersaturated from the balancing high fraction of martensite. The calculated results indicated that the carbon could be enriched from 1% up to 9% when the austenite fraction reduced to 10%. Although, such a level of carbon enrichment in austenite is potentially much higher than the present result (1.96%, as shown in Fig. 8 ) as the carbides competing reactions were totally suppressed in Speer model, the trend displayed in Fig. 9 is basically consisted with that in Fig. 8(b) , i.e. the lesser austenite content, the more carbon concentrations the austenite possessed. However, the Fig. 7(b) indicates that the carbon content is not the only factor that can influence the stability of RA and, thus, it is reasonable to assume that Fig. 9 . Constrained para-equilibrium calculations for 1% C (wt.
pct.) iron-carbon alloy, showing the dependence of austenite compositions on temperature and initial austenite fraction. 24) some others facts which may also affect the stability of RA. It is known that the RA in as-quenched specimens containing some degrees of dislocations. Actually, the density of dislocations could be further increased if specimen was subjected to the cryogenic treatment. The dislocations coupled with carbon concentration in austenite together could interpret the phenomenon presented in Fig. 7(b) . It is indicated that the dislocations formed in the RA during the 2 h-cryogenic holdings will promote austenite decomposition in the subsequent lower T t process (below 200°C), although the carbon content in RA was also increased slightly than in QT process as Fig. 8(a) shows. However, at higher T t (above 200°C), the carbon in RA would be got greatly enriched (see Fig. 8 ) to counteract against its decomposition. In such a way, the thermal stability of retained austenite upon tempering at higher T t seemed to be enhanced with respect to that of the QT specimens. Although with the fact that, the RA is dominated by decomposition reaction when the tempering temperature increased, the increased carbon concentration in RA can inhibit this decomposition trend with the help of cryogenic treatment.
To further clarify the influence of dislocations in RA, the dislocation density ρ ε both in as-quenched and 2 h-cryogenic specimens were calculated from Eqs. (2) and (3) based on the peak broadening effect introduced by micro-plastic strains in austenite. The plastic strain is related to the stress fields resulting from microstructural defects and dislocation which will cause the X-ray diffraction peak broadening. The micro-plastic strain can be expressed as where ε is the average micro-plastic strains in austenite, n the strain broadening parameter (dimensionless quantity) and θ half of 2-theta in degree. It should be noted that, the influence of the grain size broadening effect was neglected in this research since most of the austenite size were larger than 100 nm as Fig. 5 shows. Then, the dislocation density ρ ε (quantities per unit area, generally as numbers/cm 2 ) can be calculated from micro-plastic strain by where b is Burgers vector (nm), K, k and F is constants. Table 2 shows the micro-plastic strains in RA calculated for the specimens treated upon different processes. It can be seen that the 2 h-QC treated specimen contains greater strain than the as-quenched one, implying a more dislocation densities the former possessed. The corresponding dislocation densities were calculated from Table 2 by Eq. (3), and the results were presented in Fig. 10 . Since the ρ ε is proportional to the cube of ε as Eq. (3) shows, the dislocation density in 2 h-QC specimen is nearly 3 times greater than that in the as-quenched one. While, when the tempering temperature reaches to 200°C, the dislocations in both QC&T and QT specimens were all reduced significantly to almost identical value as shown in Fig. 10 . This results in Fig. 10 combined with Fig. 8 indicated that the dislocations were mainly dominated to affect the stability of RA at the lower T t (below 200°C), when the tempering temperature increased above 200°C, the effect of dislocations became insignificant since both of RA in QC&T and QT specimens contained nearly identical dislocation density, in such cases, the enriched carbon content will become a dominant factor to affect the stability of RA. This suggested results clearly explained why the retained austenite in QC&T specimens is more inclined to decompose than that in QT ones during lower T t , but more stable than QT ones upon relatively higher T t as Figs. 6 and 7(b) shows.
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The above analyses confirmed that the carbon content and dislocation density of retained austenite are all assumed to be the important factors to influence the stability of retained austenite. Moreover, the carbon content exerts the dominant effect to enhance the stability especially during tempering at relatively higher temperatures. However, due to current limitations with equipment and time, the mechanism of carbon diffusion and dislocation variation in RA after subzero treatment are not explored clearly in present study, and those issues will continue to be investigated in the near future works.
Conclusions
In the present work, the QC, QC&T and QT treatments were conducted respectively to evaluate the thermal stability of RA in a high-carbon AISI 52100 steel. The variation of austenite fractions, carbon content and dislocation density of RA were investigated systematically. The main conclusions are summarized as the follows. (1) For high-carbon steels, the prolonged cryogenic holding cannot eliminate the RA completely, but a reasonable rising in carbon concentration can be achieved when the holding time increases.
(2) Following a 2 h-cryogenic treatment at − 196°C, carbon partitioning happened from martensite to austenite during the subsequent tempering process, resulting in a very high level of carbon (1.96 wt.%) in RA. Therefore, the RA in QC&T specimens is more stable than in QT, against its decomposition at higher T t (above 200°C). In contrary, the RA in QC&T specimens became less stable than the QT ones at relatively lower T t process, e.g. below 200°C, because of the higher dislocation density the former possessed.
(3) The carbon content and dislocation density were all playing an important role which can significantly affect the thermal stability of the RA.
